Two new Ty determined proteins have been identified by placing a Ty transcriptional unit under the control of a high efficiency yeast expression vector. One of these proteins is the product of a post-translational processing event and it binds nucleic acids. A previously identified protein, pl(Tyl-15), has also been shown to bind nucleic acids and to be modified by phosphorylation.
INTRODUCTION
The Saccharomyces cerevisiae (yeast) transposon, Tyl, is a member of a large family of structurally superficially similar eukaryotic genetic elements that includes other transposons, such as the copia-like sequences of Drosophila, the intracisternal Atype particle elements of Mus_ and vertebrate retroviral proviruses (reviewed in 1, 2) Individual members of this family have been shown to mediate a variety of recombination events leading to genomic duplications, deletions, inversions and translocations (3) . They have also been shown to enhance or disrupt gene activity as a consequence of their integration events (4, 5, 6) .
We are analysing the internal genetic organisation and expression strategies of the yeast Tyl element in an attempt to elucidate the mode of action and the phylogenetic relationships of these mobile sequences.
Tyl elements are normally about 5.9 kilobases (kb) in length with long direct terminal repeats (LTR's) of about 335 base pairs (bp).
The LTR's are called delta sequences and the internal region is known as the epsilon region (3) . The structure of a 9.6 kb Hindlll fragment containing the Tyl element used in this study, Tyl-15 (7) , is shown in Figure la . The major transcript starts close to the Xhol site in the left or 5' delta and terminates about 50 nucleotides beyond the Xhol site in the right or 3 1 delta (8) . It has been shown recently that this RNA is an intermediate in Ty transposition (9) .
The transcriptional unit appears to be divided into at least two translat ional open reading frames designated TYA15 and TYB15 (10, 11) . TYA15 runs from nucleotide 299 to 1619 and TYB15 from 1581 to the end of the epsilon region (11, Fulton e_t a_l_., unpublished data). TYA15 encodes a 50 kilodalton (kd) basic protein, pl(Tyl-15) (see Results for Ty protein nomenclature), that has been observed directly by SDS-polyacrylaroide gel electrophoresis (SDS-PAGE) (12, 10) . TYB15 starts with an ACA (threonine) codon and overlaps TYA15 by 38 nucleotides. It is out of phase with TYA15 but is expressed as a T_ Y_A 15 : T Y B15 fusion protein via a specific frameshifting event, the mechanism of which is, at present, unclear (10) .
pl(Tyl-15) was originally identified by massively overexpressing the Tyl-15 transcriptional unit in a high efficiency yeast expression vector such that the protein could be easily seen in ^5S-methionine labelled protein profiles analysed by SDS-PAGE (12) . In this paper we extend this approach to show that Tyl-15 determines at least three protein species. Two of these are produced by post-translational modification or cleavage of precursors and two are capable of binding both DNA and RNA in an in vitro assay.
MATERIALS AND METHODS
Bacterial strains, yeast strains and media E.coli strain AKEC28 = C600 thrC leuB6 thyA trpC1117 hsdRk hsdMk.
S.cerevisiae strain MD4O-4c = ura2 trpl leu2-3 Ieu2-112 his3-ll his3-15. E.coli media were prepared according to Miller (13) .
Yeast media were prepared according to Hawthorne and Mortimer (14) .
DNA isolation
Plasmid DNA was isolated as described by Chinault and Carbon (15) .
Total yeast DNA was prepared by the method of Cryer e_t al. (16) .
Yeast transformation
The method of Hinnen e_t a_l. (17) was used. Protein labelling a) Pulse-chase experiments: Yeast cultures were labelled with 20 uCi/ml 3^S -methionine (800Ci/mmo 1 , Amersham
International) for 10 mins, the label was then washed out and the cultures incubated for a further 15 or 30 minutes with 0.2% cold amino acids. Proteins were extracted as described previously (18) . b) Steady-state labelling with 32 P. Cultures were labelled for 3 hours with 20 uCi/ml 32 P (Amersham International) and proteins extracted as described (18) . The extracts were treated with 0.1 ug/ral RNase A (Sigma) and 0.1 ug/ml DNase I (Worthington) in the presence of 10 mM MgCl 2 and 1 mM PMSF (Phenylmethylsulphonyl fluoride, Sigma) for 20 mins at 37°C. The proteins were precipitated with 2 vol-s cold acetone and separated by two-dimensional gel electrophoresis as described by O'Farrell (19) . Yeast extracts and protein gels Protein extracts of whole yeast cells were prepared as previously described (18) .
Gel procedures were basically those of Laemmli (20) . The ratio of acrylamide to bis-acrylamide was 30:1.6 and the gel concentration was 9.5% or 6% with a 5% stacking gel. The gels were run at 70 volts for 16-18 hours. Under these conditions Ty proteins migrated reproducibly. Our previous conditions (12) (see Results) were similar but the gel concentration was 7.5% and the gels were run at 150 volts for about 5 hours. Protein blotting and nucleic acid binding Proteins separated on the gel system described above were renatured by rocking the gel in 25 mM Tris pH8.3, 192 mM glycine, 20% (v/v) methanol for 30 minutes.
The blot was set up as follows:
a sandwich composed of a buffer saturated "ScotchBrite" pad, 3 mm paper, po1yacry1 amide gel, 0.45 um nitrocellulose (S and S, BA85), 3 mm paper and "Scotch-Brite" pad was inserted into a BioRad Trans-Blot apparatus and electroblotted for 3 hours at 70 volts with the nitrocellulose facing the anode. After blotting the filter was placed in 200 ml of blocking, binding and washing buffer (3 g/1 Ficoll, 3 g/1 PVP (polyvinylpyrrolidone) , 10 mM NaCl, 20 mM Tris pH 7.8) for 15 minutes with shaking. The buffer was changed and filters shaken for a further 15 minutes. The filter (10 x 13 cm) was then placed in a sealable plastic bag with 1 ml of buffer and 50-100 ul of 32 P-labelled nick translated (21) DNA (1 x 10 8 cpm/ug) or 50-100 ul of 32 P-end-labelled RNA (5 x 10 7 cpm/ug). The bag was sealed and incubated for 1 hour at room temperature with the protein side of the filter down. The filter was removed and washed for 2 hours in 4 changes of 200 ml of buffer.
If background persisted filters were washed overnight at 45°C with shaking without affecting DNA binding. DNA binding profiles were stable up to NaCl concentrations of 0.3 M in the washes. Filters were then wrapped in plastic film and exposed to X-ray film for 1-4 hours with an intensifying screen at -70°C.
He found during the course of many nucleic acid binding experiments that this technique was extremely reliable for strong signals but less so for weak signals. Although not fully characterised, it appeared that there was a threshold requirement for any given nucleic acid binding protein below which the signal, and therefore presumably the quantity of binding, falls rapidly. This may account for variability in some of the non-Ty signals in Figure 3 and for the lack of detection of the relatively low amounts of pl(Tyl-15) in the T91-10 tracks of Figures 3b and 3c.
RESULTS

Ty_ protein and gene nomenclature.
In initial experiments ( (25, 23, 18) . Two Tyl-15 fragments, designated 10 and 11, were inserted into the expression site of pMA91.
Figures la and lb show the relationship of the TYA15, pi (Tyl-15) coding region to these fragments.
The details of the construction of these fragments have been reported elsewhere (12) .
Briefly, the Xhol sites in the delta sequences were converted to BamHI sites by brief Bal 31 nuclease digestion followed by the addition of BamHI linkers. The resulting almost full length fragment, containing both the TYA15 and TYB15 genes, is designated fragment 10. Fragment 11 is a subfragment of 10 from the 5' BamHI site to the Bglll site just beyond the 3' end of TYA15 encoding pi (Tyl-15) (Figures la and lb) .
When these two fragments are inserted into the Bglll expression site of pMA91 the resulting plasmids are designated pMA91-10 and pMA91-ll. The resulting structure of the 5 1 junction of PGK promoter and Ty sequences is shown in Figure Id . The constructions increase the length of the 5 1 untranslated region of the Ty transcripts by about 50 nucleotides but no ATG sequences are present upstream of the initiation codon of the pi(Tyl-15) coding sequence. As both fragment 10 and 11 lack the Ty transcription termination signals transcription of these constructions terminates in the 3' region of PGK on pMA91. When pMA91-10 and pMA91-ll are introduced into yeast strain MD4O-4C, the steady state RNA levels determined by these constructions are about 20-fold higher than the endogenous level of Ty RNA determined by the 35 chromosomal copies (12) . Ty proteins Yeast transformants containing pMA91, pMA91-10 and pMA91-ll are designated T91, T91-10 and T91-11.
Cultures of these transformants were labelled with ^5S-methionine for 10 min, the label was then washed out and the cultures incubated for a further 30 mins.
Protein was extracted after the 10 min labelling period and again after the 30 min chase. The protein profiles were then analysed by SDS-PAGE followed by autoradiography (Figure 2a ).
By comparison with T91 extracts a Ty-specific protein band can be seen in both the 'pulse' and 'chase' tracks of T91-10 and T91-11. This protein migrates at a position equivalent to a molecular weight of 56 kd and is the protein that we now designate pl(Tyl-15). This protein was originally observed to migrate at a 52 kd position (12) illustrating the variability of the behaviour of these proteins with gel conditions (see Materials and methods). The relative intensity of the pl(Tyl-15) band in extracts from T91-10 and T91-11 is about the same in all four tracks. An additional band migrating at about 51 kd is also seen in the T91-10 'chase' track but not in any of the others. This was not seen in our previous studies (12) because the labelling times were too short and the unlabelled, Coomassie stained gels were run such that the 51 kd (Tyl-15) determined protein was occluded by the major yeast band at 48 kd. This protein has been designated p2(Tyl-15), although its rather diffuse appearance may mean that there is more than one protein in the band or if there is one protein, it may have variable modifications. The appearance of p2(Tyl-15) only in the 'chase' extracts of T91-10 and the absence of this protein in extracts of T91-11 or in the products of iji vitro translation of T91-10 RNA (data not shown) strongly suggests that it results from processing of a precursor protein determined by the full length Ty element either by cleavage of a higher molecular weight species or by substantial modification of a lower molecular weight species. Further examination, in the high molecular weight range, of pulse labelled extracts from T91-10 showed the presence of a protein of about 190 kd (Figure 2b) which cannot be detected in extracts from T91-11. The protein disappears during a 30 minute chase with cold methionine and concommitant with this is the appearance of p2(Tyl-15) (Figures 2a and 2b) . The levels proteins expressed from the 35 copies of Tyl in the chromosomes of T91 and additionally pl(Tyl-15) from the high copy number plasmid pMA91-ll are phosphorylated i_n vivo. The phosphorylated protein that co-migrates with pl(Tyl-15) is designated ppl(Tyl-15). Extracts of T91-10 give somewhat lower levels of ppl(Tyl-15) (data not shown). Nucleic acid binding studies As a first step towards a functional analysis of proteins encoded by a transposable element such as Ty it seemed reasonable to assay for nucleic acid binding activity.
Proteins from extracts of T91, T91-10 and T91-11 were separated by SDS-PAGE and then electroblotted onto nitrocellulose. The filters were then incubated with total denatured or non-denatured yeast DNA labelled with 32 P by nick translation or with RNA labelled by end labelling with x P-ATP. The autoradiographs of the resulting DNA and RNA binding patterns are shown in Figure 3 . In all three extracts there are major DNA and RNA binding proteins, at 72, 35 and 28 kd (open arrows in Figure 3a, 3b and 3c ). There is a single protein that binds both DNA and RNA at a position coincident with pl(Tyl-15) in extracts of T91-11 ( Figure 3a, 3b  and 3c ). In the T91-10 tracks there are small amounts of pl(Tyl-15) and one major band co-incident with p2(Tyl-15). Presumably too little pl-like and p2-like proteins are present in total protein extracts of T91 to be detected by this method (see
Materials and methods).
It is possible that the DNA binding patterns observed in Figure 3 reflect either a relatively non-specific binding that might be part of the interaction of a transposition function with a region of target DNA or a specific interaction of a Ty encoded product with its own genome. Therefore we compared the intensity of signal produced by incubation of a protein filter with either labelled total yeast DNA or labelled plasmid pKT4Ob (12) , which is a yeast 2u-based shuttle vector containing the 9.6 kb Hindlll fragment bearing Tyl-15 ( Figure la) . No difference in signal was obtained (data not shown) suggesting either that the interactions are non-specific with respect to DNA sequence or that the specific sequence is not present within Tyl-15.
DISCUSSION
We have identified two new Ty-related proteins, p2(Tyl-15) and p3(Tyl-15). The production of both these proteins seems to be dependent on the presence of both the TYA15 and TYB15 genes in plasmid pMA91-10. pi(Tyl-15) is the only product of the TYA gene in plasmid pMA91-ll. The nucleic acid binding studies showed that pl(Tyl-15) and p2(Tyl-15) bind DNA and RNA iji vitro.
It is difficult to assess the significance of these nucleic acid binding results to the activities of these Ty proteins i_n vivo because their functions are not known. It has been reported that authentic DNA binding proteins can be reliably identified by this procedure, supporting the notion that pi and p2(Tyl-15) may bind DNA and RNA i_n vivo. For example, Bowen e_t a_l. (26) have shown that the lac repressor binds operator DNA specifically under conditions that are almost identical to those used in this study. In any model of the functions encoded by a Ty element there is a need to propose the existence of proteins that interact with DNA or RNA to mediate transposition (9), gene regulation (10) or the assembly of virus-like particles (Malim e_t a_l., unpublished data).
The details of the precursor/product relationships of the Ty proteins cannot be deduced from the data reported here. Nevertheless, a working hypothetical model (Figure 4 ), based on a likely interpretation of our data, can be constructed and used to design further experiments. It also provides a simple summary of the current status of our information on Ty associated proteins. pl(Tyl-15) is produced as the primary translation product of TYA15 (12, 10) . Steady state levels of pl(Tyl-15) are somewhat lower in T91-10 than in T91-11 (data not shown and Figure 3a) . This might suggest that pl(Tyl-15) is cleaved to produce other protein species and that the cleavage 'machinery' is dependent on the presence of TYB15. The cleavage event(s) must be slow, however, as the levels of pl(Tyl-15) in T91-10 and T91-11 are similar in the pulse and chase conditions shown in Figure 2a . Alternatively, pl(Tyl-15) may turn over more rapidly when TYB15 is also overexpressed.
Whatever the cleavage or degradation properties of pl(Tyl-15) it seems likely that it is also phosphorylated to produce ppl(Tyl-15).
p2(Tyl-15) is not a primary translation product. It seems most likely that it is the product of a post-translational cleavage of a higher molecular weight precursor. Either the precursor or the cleavage machinery or both are determined by TYB15 as p2(Tyl-15) is not seen in extracts of T91-11. p3(Tyl-15) is a good candidate for the precursor of p2(Tyl-15) because p3(Tyl-15) disappears as p2(Tyl-15) appears in the pulse/chase experiments (Figures 2a and 2b) . Furthermore, at about 190 kd, this protein is the same size as that predicted for the TYA15:TYB15 fusion protein that is encoded by the entire coding capacity of the element (10,11) via the specific frameshifting event described by Mellor e_t a_l. (1985) .
We have taken care not to apply the term 'Ty encoded' to p2 and p3(Tyl-15), prefering to use the less rigorous term 'Ty determined 1 . pl(Tyl-15) is encoded by Tyl-15 (12) but it is formally possible that p2 or p3(Tyl-15) is produced by expression of other genes that are induced by Ty encoded proteins or by modification of non-Ty encoded proteins by Ty encoded proteins. If a protein requires either complex post-translational events (e.g. p2(Tyl-15)) or elaborate specific translational events (e.g. p3(Tyl-15), 10) the coding relationship of the Ty element and that protein cannot be analysed in the type of simple hybrid arrested translation experiment that was used for pl(Tyl-15) (12) . In the context of the precursor/product relationships of Ty proteins and the remarkable similarity of some features of these elements to retroviral systems (e.g. 2,10) it is interesting that TYB15 encodes a short sequence of amino acids (LLDSGA-TLI) (10) that is homologous to a sequence present in the vicinity of the junction region of gaq-pol fusion proteins in retroviruses (32, Figure 5 ). The amino acid sequence in TYB15 is 33 amino acid residues into the TYB15 open reading frame and is therefore in the vicinity of the junction region of the TYA15;TYB15 fusion protein (10) . In retroviruses this amino acid sequence is highly conserved and is part of the viral protease that is required for cleavage maturation of viral proteins from their precursors. It is tempting, therefore, to suggest that the analogous region of Tyl-15 encodes a processing protease. The coding region for such an enzyme would be disrupted in pMA91-ll but it would be intact in pMA91-10. This is clearly compatible with our observations of the protein species present in T91-10 and T91-11 extracts.
